Background and Purpose-Since the failure of a number of phase III trials of neuroprotection in ischemic stroke, the need for smaller phase II studies with MRI surrogates has emerged. There is, however, little information available about sample size requirements for such phase II trials and rarely enough patients in single studies to make robust estimates. We have formed an international collaborative group to assemble larger datasets and from these have generated sample size tables for MRI-based infarct expansion as the outcome measure. Methods-Twelve centers from Australia, Europe, and North America contributed data from patients with hemispheric ischemic stroke. Infarct expansion was defined from initial diffusion-weighted images and later fluid-attenuated inversion recover or T 2 images. Sample size estimates were calculated from data on infarct expansion ratios treated as dichotomous or continuous variables. A nonparametric approach was used because the distribution of infarct expansion was resistant to all forms of transformation. Results-As an example, a 20% absolute reduction in infarct expansion ratio (Յ1), 80% power, and ␣ϭ0.05 requires 99 patients in each arm. To achieve an equivalent effect size with a continuous approach requires 61 patients. Conclusions-These tables will be useful in planning phase II trials of therapy with the use of MRI outcome measures.
A lthough stroke is the second largest contributor to global mortality, there are only limited numbers of interventions of proven benefit for its prevention or acute treatment. 1 Neuroprotectants are attractive therapeutic candidates because of their low toxicity, and they could be administered while the patient is en route to the hospital. However, despite convincing evidence of neuroprotection in animal models of cerebral ischemia, such agents have failed to live up to expectations in human phase III clinical trials. 2 Indeed, these failures have led investigators to reconsider the role of phase II trials from testing dosage and safety alone to providing a signal of efficacy with surrogate MRI outcome measures. [3] [4] [5] [6] [7] [8] Such "proof-of-concept" studies are perceived to be appealing if they can be performed with small numbers of patients.
The surrogate measure for improved stroke outcome that seems biologically plausible and that has gained acceptance is the attenuation of infarct expansion from its initial volume on diffusion-weighted images (DWI) to final infarct volume, usually defined by T 2 -weighted images. This expansion can be defined as either the ratio of final to initial ischemic volume or final minus initial volume. This surrogate approach has been successfully applied in animal models to assess the efficacy of therapy. 2 In humans, infarct expansion is correlated with poor clinical outcome, and expansion is attenuated with recombinant tissue plasminogen activator (rtPA) therapy, the only agent of proven benefit. 5,9 -11 Furthermore, it is likely that the surrogate is more sensitive than are clinical outcomes, because infarct expansion has been shown to be significantly attenuated while there was only a trend toward improved clinical outcomes. 10 Clearly, provision of a signal of efficacy by this means would provide investigators with the reassurance that therapeutic translation from animal models to humans would be more likely. This would provide better justification for a phase III trial. 4, 7 In estimating sample size requirements with MRI measures, one of the main problems has been to accrue enough untreated patients. To address this issue, we have formed an international collaborative group and have pooled data from a large number of centers. We then generated sample size estimates for the MR surrogate measures.
Methods

Inclusion and Exclusion Criteria
Centers from Australia, Europe, and North America were invited to contribute data on patients with the following inclusion criteria: onset of hemispheric ischemic stroke within 24 hours, adequate initial DWI images, outcome images (fluid-attenuated inversion recovery or T 2 ) within 1 week to 3 months, and availability of clinical outcome scores at the time of imaging. Patients were excluded on the basis of current recommendations, such as (1) initial ischemic tissue was Ͻ5 mL, 3 (2) initial ischemic tissue was outside the middle cerebral artery territory, (3) follow-up images or clinical data were not available, or (4) patients had received rtPA. 3 Patients were not excluded if they had received neuroprotectants from negative, randomized, controlled trials (on clinical end points). Clinical data collected included the initial and outcome National Institutes of Health Stroke Scale (NIHSS) scores and outcome modified Rankin Scale (mRS) scores. The initial NIHSS score was obtained at the time of the initial MRI and the mRS score, at 3 months. Data on outcome NIHSS scores at 3 months were available for a small number of patients.
Definitions
Initial ischemic volume was defined as tissue encompassed by the initial DWI volume (bright signal on DWI and low signal on apparent diffusion coefficient maps). Outcome infarct volume was defined as tissue encompassed by the T 2 -weighted sequence at 1 week to 3 months (bright signal on T 2 -weighted images in locations corresponding to the initial ischemic tissue). In all cases, the outcome infarct volumes included the volume of hemorrhagic transformation. The infarct expansion ratio (IER) was defined as the ratio of final infarct to initial ischemic tissue volumes. For example, if the final infarct volume was 60 mL and the initial ischemic volume was 30 mL, then the IER was 2.0. Expanding infarct was defined as an infarct with an IER Ͼ1 (final infarct volume greater than initial ischemic volume). ⌬Proportion was defined as the difference between the proportion (as a percentage) of expanding infarcts in the control and treatment groups.
Statistical Analysis
The data were tested for heterogeneity of the log IER between centers by ANOVA. We tested for an association between poor clinical outcome (defined as an mRS score Ͼ2) and infarct expansion, either as a continuous (logarithmically transformed) or a dichotomized variable into expanding and nonexpanding infarcts by logistic regression. Additionally, the receiver operating characteristic curve was used to display the global performance of infarct expansion for predicting poor clinical outcome. 12 The area under the receiver operating characteristic curve is a measure of how informative infarct expansion is for this purpose.
Sample sizes for were calculated for 2 different hypothetical analysis methods (dichotomous and continuous methods). The first was to divide patients into those with expanding infarcts and those without. The proportion of expanding infarcts would then be compared between study arms. Sample sizes for this method were calculated according to standard methods implemented in the Stata statistical package with our data to estimate the expected proportion of expanding infarcts in the control group for various values of ⌬proportion.
The second method used the Wilcoxon rank-sum test to compare all expansion ratios between study arms. For this purpose, it was necessary to make assumptions regarding both the distribution of expansion ratios and the detailed effect of treatment. We assumed a simple model of treatment: that the IER would be attenuated by a fixed factor between 0.5 and 0.95 relative to what would be observed without treatment. This was assumed to be independent of initial ischemic volume or other factors. To simulate the distribution of infarct values, we used a bootstrap approach, sampling with replacement from our data. At least 4000 bootstrap replicates were used, sufficient to obtain an accuracy of Ϯ1% of power (95% prediction interval). In addition to sample size, we estimated the parameter P noether , the probability that a randomly selected control patient would have a greater IER than a random treatment patient (see Walters and Campbell 13 for details). We also estimated the corresponding value of ⌬proportion to allow comparison of sample size requirements between methods and the odds ratio (OR) for expanding infarcts as a familiar measure of effect size. For both methods of analysis, power was varied between 80% and 90%, and the time window from symptom onset to MRI varied from Յ3 to Յ24 hours. The type I error rate, ␣, was set at 0.05; tests were assumed to be 2 sided.
Results
Twelve centers from Australia, Europe, and North America submitted volume and clinical data for 259 patients with ischemic stroke accrued during a 3-year period. There were 121 men, with a mean and median age of 69 and 70 years, respectively (range, 20 to 93 years). Seventy patients who had an acute DWI volume of Յ5 mL were excluded. 3 This resulted in 189 remaining patients available for analysis with a meanϮSD age of 69Ϯ11 years, 48.6% of whom were men. There were 39 patients who had their initial MRI performed within 3 hours (20.6%), 118 within 6 hours (62.4%), 171 within 12 hours (90.5%), and all 189 within 24 hours (100%). The meanϮSD and median values for acute DWI volumes were 42Ϯ48 mL and 21 mL; for outcome, T 2 volumes were 83Ϯ75 mL and 60 mL; and for IER, the values were 3.25Ϯ4.44 and 1.59, respectively. The proportions of subjects with an mRS score Յ2 at 3 months were 49% for the Յ3-hour group, 42% for the Յ6-hour group, and 50% for the Յ12-hour group. In the interest of brevity, we discuss the results in terms of the 6-hour group only because this group represents the majority of the data. Sample size calculations for the 3-hour and 12-hour time windows are provided as supplementary data (supplemental Tables II and III, available online at http://stroke.ahajournals.org).
For the 6-hour window, there was no evidence of overall heterogeneity by site for initial volumes Ͻ5 mL either included (Pϭ0.64) or excluded (Pϭ0.62). Moreover, no individual site was significantly different from the others in these cases (minimum probability values of 0.40 and 0.10, respectively), which is a more stringent test of homogeneity owing to the 10 comparisons made.
Relation Between Surrogate Measures and Clinical Outcome
There was a statistically significant relation between IER and poor clinical outcome, as defined by an mRS score Ͼ2 (PϽ0.001; OR, 3.36, 95% CI, 1.86 to 6.07). This means that for every log unit increase in IER, there was a 3.36 times increase in the odds of a poor clinical outcome. The association remained when infarct expansion was dichotomized (Pϭ0.001; OR, 4.75; 95% CI, 1.93 to 11.7). The area under the receiver operating characteristic curve for IER in predicting poor clinical outcome was 0.741 (95% CI, 0.652 to 0.830).
Sample Size for Dichotomized Data
We assume that our data, from patients who were either not treated with neuroprotective agents or were enrolled in clinical trials with negative clinical outcomes, are representative of untreated patients. Hence, we posit that the proportion of control IER Յ1 will be 25.4%. The sample size estimate for an absolute therapeutic effect size of 20% (so that the proportion with an IER Յ1 among those actively treated is 45.4%), 80% power, and ␣ϭ0.05 (2 sided) was 99 patients in each arm (see Table 1 for sample size estimates at other therapeutic effect sizes). This effect size of 20% was chosen as a conservative figure, given the Ϸ50% reduction shown in a recent thrombolytic trial. 14 
Sample Size for Continuous Data
The sample size estimates for analyzing IER as continuous data by the Wilcoxon rank-sum test were smaller than for the corresponding tests of differences of proportions, by Ϸ30%. If one assumes that treatment has a 35% effect on IER (equivalent to an Ϸ19% difference in proportions; OR, 1.40; P noether ϭ0.65), 61 patients per arm would be sufficient to achieve 80% power with ␣ϭ0.05 (2 sided; Table 2 ). The sample size estimate was similar when the infarct volume difference (final minus initial ischemic volume) was used as a surrogate instead of the IER (data not shown). We have analyzed the data including those patients with initial an DWI volume of Ͻ5 mL and found no difference (Supplemental Table I , available online at http://stroke.ahajournals.org).
Discussion
This study represented pooled data from many centers to address the important question of the sample size required to perform a phase II proof-of-concept study with an MRI surrogate outcome measure. We approached this question by determining an appropriate type of MRI surrogate that would best measure the biological effects of the drug. Second, we used the statistically significant relation between infarct expansion and clinical outcome to support our proposal that this measurement is a candidate surrogate. Third, we considered the distribution of observed IER and infarct volume differences and examined various methods to calculate sample size. Fourth, we generated a practical set of sample size tables with variations in expected absolute therapeutic effect and power and noted that the calculation with the dichotomous data resulted in slightly smaller sample sizes.
We have used the term "surrogate marker" rather than "biomarker" because the former has gained currency for these MRI outcome measures and the latter has become commonly associated with serum markers altered by the stroke process. We recognize that the term "surrogate measure" requires adherence to a number of criteria that cannot, as yet, be completely fulfilled with infarct expansion as a measure. For example, some agents may impact positively on clinical outcome not necessarily due to an effect on the surrogate measure. Much of the early use of surrogates was in oncology, where clinical outcome was difficult to observe because of its infrequency or long duration. 15, 16 With accelerated drug development in mind, a set of criteria for surrogacy was developed that included several key elements: (1) use of the surrogate is biologically plausible, (2) a statistical relation can be established between the surrogate and true outcome measures, and the therapeutic response is valid for both (3) true and (4) surrogate outcome measures. 17 For our MRI surrogate, criteria 1 and 2 may be fulfilled without difficulty Values are the number of patients in each arm for the dichotomous method with use of the difference in proportions of patients with no infarct expansion and good clinical outcome (mRS score Յ2; 6-hour time window, nϭ118). The proportion of subjects (from natural history data) with an infarct nonexpansion ratio Յ1 is 25.4%. Values are the number of patients in each arm with the use of continuous data for IERs and the nonparametric difference in ranks (Wilcoxon rank-sum test) based on data from 118 patients with a DWI volume Ն5 mL seen within a 6-hour time window.
*We assume that use of a hypothetical neuroprotectant drug results in an infarct ratio smaller by this factor compared with placebo. †P noether is the probability that a randomly selected control patient will have a greater IER than a random treatment patient.
Phan et al Sample Sizes for MRI Surrogates 2523
but not criteria 3 and 4. In the case of acute stroke phase II trials of neuroprotection, there is a good argument to consider the first 2 criteria only, given the current absence of an agent of proven benefit in phase III clinical trials. Should a proven agent become available, then this stance would need to be reviewed. 15, 16 We performed sample size calculations for infarct expansion by both dichotomous and continuous methods to determine which would be more useful. The advantage of using the continuous approach over that of the dichotomous method is that the whole range of data can be used. The sample size table is intended as a guide to planning phase II trials, because the sample size estimates by previous investigators for studies of neuroprotection were probably unrealistic, as they were based on large therapeutic effect sizes. 4, 5 However, as mentioned earlier, these large effect sizes may be reasonably expected in trials of reperfusion with agents such as rtPA. The aggregation of large, imaging datasets enables reasonably precise estimates of sample sizes to be made as a framework for treatment effects. Because of the difficulties in accruing patients for such studies, collaborations such as the MR Stroke group are essential.
In this study, we were unable to address the issue as to whether the use of infarct expansion as a surrogate will allow investigators to use significantly smaller sample sizes than when using clinical outcome measures, because the therapeutic effects of putative agents on the surrogate are unknown. Whether investigators find the surrogate approach to be a more convenient proof-of-concept technique than clinical trials remains to be seen. It seems likely that the numbers required when infarct expansion is used as a surrogate will be significantly smaller for a number of reasons. First, we have established that there is a relation between infarct expansion and clinical outcomes, with an OR of 3.36, although we regard this as approximate, because we were unable to adjust for covariates such as baseline NIHSS, age, and diabetes. A more precise relation will be established in a separate publication. Second, there are a number of examples where similar MRI surrogates with reasonably small numbers have been used with positive results while clinical outcomes have been negative. Specifically, in our earlier study of infarct attenuation with thrombolysis (tPA), clinical outcome measures for the whole group (unlike the mismatch group, which showed positive clinical outcomes) were not significantly different, but surrogate outcomes were. 10 In the DIAS study with desmoteplase as the thrombolytic agent, in the overall group there was significant improvement in the reperfusion rate (49.3% versus 19.2%, Pϭ0.0054) and a smaller nonsignificant effect on favorable outcome (22.2% versus 38.7%, Pϭ0.0640). 14 In all of these examples, the influences of the agents tested on the surrogates were sufficiently biologically plausible to lead the investigators to progress to phase III studies.
Our study has a number of limitations. First, we used pooled infarct volume measurements, which had been quantified by different techniques from a number of institutions, and some patients were involved in failed trials of neuroprotection. For the latter, we believe that this would have little impact on the observed IERs. For the former, it would be ideal to prospectively collect data with the same imaging protocol and analyzed at 1 center. A prospective study of similar size to perform a similar feat would take several more years to perform and require funding. It is comforting to note that despite the use of data from a number of centers, there was no significant heterogeneity in IER between centers. Second, we used a broad time window and differing MRI sequences to define outcome infarct volume. Although there is no currently accepted definition of the optimal time for measuring outcome infarct on either DWI or T 2 -weighted sequences, these times are currently recommended to minimize the influence of either edema or atrophy. 18 An important issue for the MR Stroke group will be to provide consensus on the appropriate MRI sequences and timing of such so that future data can be easily compared. Third, we did not include reperfusion as an influence on infarct expansion. It is well established that this is a confounding factor, and it seems logical that sample sizes might be further reduced by considering only those with an initial perfusion-weighted imaging/ DWI mismatch. 19 Given that methods of calculating perfusion maps are not standardized at present, the results of perfusion-weighted imaging/DWI mismatch from different centers are not comparable. We are exploring the possibility of combining raw MRI data in an electronic medium to allow reanalysis by common methods. Furthermore, the sample size estimates may need to be increased by up to 20% if the effect of patients lost to follow-up is not taken into account. 10 Finally, these tables address the sample size required for inclusion in the trial, rather than the number needed to recruit before screening inclusion and exclusion criteria. Despite the increasing availability of MRI scanners, the number of centers that can perform MRI studies in acute stroke is small. For the purpose of a proof -of-concept study, this small number is not unreasonable.
In summary, we have provided sample size tables for infarct expansion on MRI as a surrogate for trials of therapy in acute ischemic stroke. The use of a biologically plausible surrogate such as this in a positive phase II study may provide investigators with an adequate rationale to proceed to phase III studies.
